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A calorimeter is an instrument that uses a thermometer to measure energy deposited in a thermally isolated body. Transition-Edge Sensor (TES) microcalorimeters use the resistive transition in a thin superconducting film as the thermometer. Cryogenic microcalorimeters have obtained remarkable energy resolutions for individual optical, 1, 2 x-ray, 3, 4 and gamma-ray photons, 5 as well as single bio-molecules 6 and alpha particles. 7 Microcalorimeters have improved the resolution limit of gamma-ray spectrometers from the current 500 eV at 100 keV of high purity germanium, to less than 50 eV full-width-at-half-maximum (FWHM). The impact of such improvements may be felt from fundamental measurement of the Lamb shift in high Z atoms, to applied topics like nuclear treaty verification and environmental monitoring. 8 The exquisite resolution of microcalorimeters derives from their cryogenic operation. While high-purity germanium is fundamentally limited by Fano statistics in the creation of charge, microcalorimeters are limited by thermal fluctuations between device and bath that are reduced at low temperatures. While energy resolution favors the use of microcalorimeters, individual devices are small and slow compared to semiconducting sensors. For gamma-ray detectors, this has been overcome by using large arrays of multiplexed detectors. 9 Nevertheless, gamma-ray microcalorimeters have been plagued by settling times that are ten times longer than expected from the thermal properties of these detectors. 10 The slow response lengthens integration times and reduces sample throughput. We will show the dominant cause of the extended response is long-lived states in the adhesives used for these detectors. In addition, we have fabricated devices without amorphous adhesives that show significantly accelerated recovery. By eliminating the adhesive, we can now observe the intrinsic time constants imposed by the superconducting absorber.
Microcalorimeters can be fabricated with a wide range of materials, but the basic components are always the same. First, there is an absorber to convert the photon of interest into thermal excitations. For gamma-ray microcalorimeters, this has historically been superconducting tin (Sn). The energy resolution of a microcalorimeter is proportional to the square root of its heat capacity, so proper designs must work within a finite heat-capacity budget. 3 The low heat capacity per volume of a superconducting absorber provides an excellent signal-to-noise ratio while allowing a large absorber for higher stopping power. 5 Typical Sn absorbers have dimensions of 250 lm Â 1:45 mm Â 1:45 mm. Next, there is a thermal constriction between the absorber and the thermometer. The thermal conductance of the constriction should be maximized for best resolution and fastest response, but fabrication practicalities can limit the magnitude of this conductance. 11 Interestingly, a finite conductance can reduce position dependence in the response of the device. The thermal conductance of the constriction, normally termed G 2 , is defined in our devices by supporting the absorber on top of photoimageable epoxy posts made of SU8. In this case, we use a quantity of 20 SU8 posts that are 20 lm tall and 100 lm diameter. The absorber is affixed to the top of the posts using Stycast 1266 epoxy mixed with Stycast 23LV catalyst and cured in dry atmospheric conditions for 24 h. The SU8 posts cover 7:5% of the absorber surface area. The SU8 posts are patterned on top of copper films that connect electrically to a molybdenum-copper bilayer TES. The transition temperature of the TES is 140 mK. Finally, there is a weak thermal link to a temperature bath, termed G 1 that is made up of a suspended silicon nitride membrane. The thermal bath is the surrounding Si wafer, which is well heat sunk to the macroscopic refrigerator. A detailed description of this detector design is given by Bennett et al. superconducting-to-normal transition. The heat introduced by the photon increases the film resistance and lowers the bias current. This change in current is measured by three stages of superconducting quantum interference devices (SQUIDs) and is proportional to the temperature change of the TES. The resulting measurement yields pulses as shown in Figure 1 with a fast rise and slow decay. We have previously published a time-domain model of the microcalorimeter detector described above, and the common features in the decay of the pulses are a prompt decay with a time constant of a few 100 ls followed by an approximately 1 ms decay. 11 The prompt response is associated with the relatively large thermal conductance between the absorber and TES, while the longer response is associated with the thermal conductance between the TES and the Si.
A comparison of measured pulses and a pulse calculated from measured and estimated parameters is shown in Figure 1 . In the modeled pulse, we observe a decay of 1-2 ms, which we call the thermal response. We also observe the 100 ls time constant in both modeled and measured pulses, but it is obscured in the plots by the longer decay times. In measured pulses, there is an additional very long response of 10-20 ms that is not explained by the thermal parameters of the detector, and this is what we term the athermal response. In Figure 1 , the time axes of the pulses have been scaled to give a thermal time constant of 1 ms so that the athermal decays can be compared.
The athermal response of superconducting absorbers has been observed many times before. 12, 13 It has been attributed to energy being tied up in the quasiparticle population of the superconducting absorber rather than relaxing into lowenergy phonons. When a photon first enters the absorber it interacts with a single electron. The relaxation process of this excitation has been summarized several times. [14] [15] [16] The initial relaxation of the strongly non-equilibrium system lasts on the order of a few ns. Afterwards, several populations relevant for our detectors emerge, two of which are quasiparticles with energy just above the superconducting gap, D, and phonons just above 2D. For these two populations to contribute to the temperature change in the TES, the gapedge quasiparticles must recombine to form 2D phonons, which then must exit through the posts into the TES. A competing mechanism is for the 2D phonons to break Cooper pairs and increase the quasiparticle population. If energy is trapped in the quasiparticle population for long timescales, it would yield a long time constant in the TES signal. This has been called the quasiparticle bottleneck. A calculation of relevant scattering events yields a quasiparticle recombination rate of 10 À15 ns À1 , while the Cooper pair breaking rate is 10 ns À1 . Also, the conservative escape rate for a phonon out of the absorber is approximately 10 À3 ns À1 . Thus, as soon a pair of quasiparticles recombine, a Cooper pair is immediately broken.
14 Solving the coupled differential equations for our detector system with these rates yields an expected signal time constant on the order of seconds. Several mechanisms exist that can increase the recombination rate to match closer to experimentally observed bottleneck time constants. 17 Since it has long been thought that the athermal portion of the pulse from Sn is due to slow recombination of excited quasiparticles, we decided to try a non-superconducting material to verify this hypothesis. We chose Hg 0:844 Cd 0:166 Te (HCT), a known zero-gap semiconductor in which thermalization occurs without quasiparticle physics. 18 The raw pulses measured from a series of TES devices with HCT and Sn absorbers are shown in the inset of Figure 1 in red and black, respectively. The pulses are fitted with the equation, 
where A, B, and C are the amplitudes of the time constants of the decaying exponentials, s th is the time constant of the expected thermal decay, s ath and s ath2 are the time constants of the fit to the athermal decay, s rise is the pulse rise time, y 0 is the baseline offset, and x 0 is the time offset. The pulses in Figure 1 are normalized in time according to the resultant fit for s th . Since the TES is operated under a voltage bias, a reduction in bias power is the dominant contribution to the pulse recovery. 19 Therefore, the area under the pulse is proportional to the photon energy. From the fits to the data, we determine the area from each exponential decay by integrating the fit equation. Typical pulses from Sn absorbers yield 70%-85% of the photon energy in the thermal decay. The HCT semiconductor absorbers showed the same athermal energy fraction as superconducting Sn. From this result, we conclude that the athermal response we are observing could not be due to the superconducting properties of the Sn.
The next goal was to isolate the effects due to each component of the devices. We therefore built devices with the same TES coupled to a thin-film normal metal absorber, gold. In order to emulate the heat capacity of the Sn absorber and the thermal conductance of the SU8 posts and epoxy joint, the thin Au film was sized to match Sn heat capacity and was fabricated next to the TES and coupled to it with FIG. 1. Pulse responses of two microcalorimeters with Sn absorbers (black), two with HCT absorbers (red), and a modeled pulse response from measured thermal properties of the detector. The plot shows the normalized feedback responses of the amplifier circuit which is proportional to the temperature response of the TES to deposited energy. On the log scale, it is clear to see the separation of the thermal, 1 ms response, and the longer athermal response. (inset) A comparison of the same pulses from Sn and HCT microcalorimeters over a longer time span and without normalizing the thermal time constants. Although the HCT pulse is much faster due to a lower heat capacity, the thermal fraction of energy is very similar.
narrow Cu bridges defining G 2 . Of course, the efficiency for 100 keV photons in thin gold is very low, but pulses can still be recorded. The chip design is shown in Figure 2(a) . An average of over 100 gamma-ray photon pulses in the gold pads is shown in black in Figure 3 . The pulses observed from the Au pads show two exponential decays, a very fast 100 ls at the start of the decay, and a 1-2 ms decay. These features are consistent with the predicted response and account for 100% of the photon energy. Devices with gold pads and attached SU8 posts but no Stycast epoxy yield the same pulse shapes. These results indicate that neither the TES nor the SU8 is the cause of the athermal tail and, considering the results from HCT absorbers, only the Stycast epoxy remains as a possible source.
To prove directly that the Stycast is responsible, we deposited approximately 1 lg of Stycast 1266 on one gold pad on several detectors. Typical gamma-ray microcalorimeters use 1 lg of epoxy for absorber attachment. We could then observe two types of pulses from these detectors. One type was presumably due to events absorbed in the gold pad without glue and yielded pulses like that shown in black in Figure 3 . The second type is shown in red in Figure 3 . The athermal response appears with the use of Stycast. The time constant added by the glue encompasses 40% of the photon energy.
Anomalous thermal effects due to epoxies have been observed previously. Epoxy exhibits two-level or tunneling states characteristic of an amorphous material, possibly due to deformations in the hydrocarbon chains. The experimental result is that amorphous materials present a time-dependent and anomalously high heat capacity. 20 Cryogenic epoxies have specifically been shown to exhibit long-timescale heat release. 21 However, at the lg amounts used in the detectors, this tunneling contribution has not been reported previously.
In order to eliminate the effect of glue, we devised a diffusion bonding scheme to attach a Sn absorber directly to the gold pad next to the TES. First, we fabricated small Si blocks to place underneath the relieved membrane of the TES. Then, placing the detector chip on a hotplate set at 220 C, a wire bonder wedge was used to apply pressure to the top of a Sn absorber to bond to the gold layer. The Sn dimensions are 200 Â 250 Â 1000 lm 3 . A micrograph of the diffusionbonded Sn is shown in Figure 2(b) .
The pulses from 100 keV photons in the diffusionbonded Sn are shown in Figure 4 in blue. They are compared to pulses from detectors with glued absorbers (black and red) and detectors with only gold pads (shown in green). The diffusion-bonded absorber still shows the athermal decay, but only 5% of the photon energy is contained in longer integration times as compared to 15%-20% with glue present. The pulses in Figure 4 are adjusted to have 1 ms thermal decay for comparison purposes. Although the two pulses shown from the diffusion-bonded detectors look slightly different, the energy in the thermal portions is very similar: 93% and 95%.
As shown in Figure 5 , we have fabricated and tested a wide variety of glued microcalorimeters in order to understand the dependencies of the athermal decay. We varied the glue mass, used thin Sn absorbers and HCT absorbers, used chips from different fabrication runs, and varied bath temperature. The fraction of energy in the thermal portion of the decay remains stable, despite wide variation in the athermal time constant. Figure 5 also illustrates a comparison of the thermal fractions of the systems with the glue excitations to the diffusionbonded absorbers. Although there is a large increase in the thermal fraction in the diffusion-bonded system, there is still an athermal decay present. This athermal portion may be attributable to the quasiparticle bottleneck. These results pose the question of why quasiparticle thermalization in Sn is so much faster than indicated by the simple calculations of phonon and quasiparticle behavior given earlier.
We have isolated the dominant cause of long time constants in the response of gamma-ray microcalorimeters with Sn absorbers. Almost 20% of deposited photon energy has been lost on short timescales to long lived states in the Stycast 1266 used for attaching absorbers. By eliminating glue from the fabrication process, we have recovered all but 5% of the photon energy on the 1 ms timescale. The remaining athermal behavior may be attributable to the excitation dynamics in the superconducting material. This detector geometry may now allow further experimentation on excitation dynamics in bulk superconductors. FIG. 5 . A plot of the fraction of energy in the thermal portion of the pulse versus athermal time constant of a variety of absorbers. Despite a large variation in thermal parameters, the use of glue dominates the athermal detector response so that only 70%-85% of the deposited photon energy is seen in the short-timescale thermal response. The two large red points represent the diffusion-bonded absorbers yielding 95% energy in the thermal response.
